The turgor loss point (TLP), which is considered a threshold for many physiological processes, may be useful in plant-breeding programs or for the selection of reforestation species. Obtaining TLP through the standard pressure-volume (p-v) curve method in a large set of species is highly time-consuming and somewhat subjective. To solve this problem, we present an objective and a less time-consuming technique based on the leaf resonance able to calculate the relative water content (RWC) at TLP (RWC TLP ). This method uses air-coupled broadband ultrasonic spectroscopy to obtain the sigmoidal relation between RWC and the standardized resonant frequency (f/f o ). For the 13 species measured, the inflexion point of the RWC-f/f o relationship (RWC TLP o f f / ) was not statistically different from the value of RWC at the TLP obtained with the p-v curves (RWC TLP p-v ).
Introduction
The turgor loss point (TLP) has been considered a threshold for many physiological processes (e.g., Franks et al. 1995 , Brodribb and Holbrook 2003 , Thomas et al. 2006 , Mitchell et al. 2008 . A drop in turgor has been associated with stomatal closure (Brodribb and Holbrook 2003) , inhibition of photosynthesis (Lawlor and Cornic 2002; Brodribb and Holbrook 2003, Bartlett et al. 2012b) , plant growth (Frensch and Hsiao 1994) or with other responses of plants to water-limiting conditions (Mitchell et al. 2008) . Therefore, the determination of the specific TLP provides information on the ability of the plant to withstand different stress conditions while maintaining adequate physiological activity.
Leaf TLP is generally estimated from pressure-volume (p-v) curves, which relate the decrease of leaf water potential (Ψ) with the leaf relative water content (RWC) (Tyree and Hammel 1972) . The TLP is defined as the point where the p-v curve transitions from a non-linear to a linear relationship (Turner 1988) . In this way, the TLP can be defined in terms of water potential (Ψ TLP ) or in terms of RWC (RWC TLP ). While many studies have focused on Ψ TLP , many others have provided evidence for the outstanding importance of RWC TLP in physiological and ecological studies. Some authors have shown different values of RWC TLP in different populations from the same species (Jane and Green 1983; Wan et al. 1998) . Others have found different values within a single species depending on the treatment imposed (White et al. 1996 , Gucci et al. 1997 , Bacelar et al. 2006 . Seasonal changes in RWC TLP have also been reported (Kubiske and Abrams 1991, White et al. 2000) . Furthermore, several studies have found interspecific differences in RWC TLP with values of RWC TLP being generally higher in mesic than in
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xeric species (Kubiske and Abrams 1991, Aranda et al. 1996) . These changes in RWC TLP within and among species can be used, for instance, in plant-breeding programs for increasing drought or salinity tolerance (e.g., Pita and Pardos 2001) or in the selection of drought-resistant tree species for timber production (e.g., Merchant et al. 2007) .
Obtaining RWC TLP through the standard p-v curve method in a large set of species is highly time-consuming (Bartlett et al. 2012a) . Another difficulty using this method lies in the subjective determination of where the linear region switches to the non-linear (Schulte and Hinckley 1985) . Recently, a technique based on the excitation of thickness resonances on leaves through ultrasonic pulses (Sancho-Knapik et al. 2010) has been introduced, which permits RWC TLP to be calculated. This ultrasonic technique, previously applied only to a few species (Sancho-Knapik et al. 2010 , 2011a , uses air-coupled broadband ultrasonic spectroscopy for the determination of RWC TLP as the inflexion point of the relationship between the standardized frequency and RWC during drying (SanchoKnapik et al. 2010) . This relationship is obtained by measuring the leaf in a non-contact and non-invasive way, avoiding the repeated pressure application by a pressure chamber that may cause severe damage on the leaf mesophyll (Turner 1988) . Taking into account the importance of RWC TLP in many plant physiological processes, this study presents a less timeconsuming technique based on leaf resonance, which facilitates the objective calculation of RWC TLP in a large number of species.
Materials and methods

Plant material and experimental conditions
Measurements were carried out on mature leaves of 13 woody species (Table 1 ). In the early morning during summer, branches were collected from the sun-exposed side of the plants, placed in plastic bags and brought to the laboratory. Once there, leaf petioles were re-cut under water to avoid embolism and kept immersed (avoiding the wetting of leaves) for 24 h at 4°C until full leaf rehydration. It was considered that over-rehydration did not take place because (i) dark spots or dark areas corresponding to regions where the leaf air space was completely infiltrated with water were not observed (Nardini et al. 2001 ) and (ii) the analysis of the data did not show any plateau effect (Kubiske and Abrams, 1991) . After rehydration, one set of six leaves was used for ultrasound measurements (Gómez Álvarez-Arenas et al. 2009 ) and the other set of six leaves was used for obtaining p-v curves (Clifford et al. 1998 , Corcuera et al. 2002 . Leaves were weighed and measured at constant time intervals (approximately between 5 and 30 min) to achieve different levels of RWC, starting at full saturation (turgid weight, TW). Leaf dry weight (DW) was estimated after keeping the plant material in an oven (24 h, 60°C). RWC was then calculated following the expression: RWC = (FW − DW)/(TW − DW), with FW being the sample fresh weight at any moment.
Pressure-volume analysis
p-v relationships were determined for the 13 species using a pressure chamber and following the free-transpiration method described in previous studies (Lo Gullo et al. 1986 , Clifford et al. 1998 , Corcuera et al. 2002 , Vilagrosa et al. 2003 . The water relations parameter calculated as a mean and standard error of individual values was the RWC at the TLP (RWC TLP p-v ).
Air-coupled broadband ultrasonic spectroscopy
The air-coupled broadband ultrasonic spectroscopy technique is well described and schematically depicted in Gómez Álvarez-Arenas (2003), Sancho-Knapik et al. (2010) and Sancho-Knapik et al. (2011a) . Briefly, the experimental setup consists of two pairs of specially designed air-coupled piezoelectric transducers working at a frequency range of 0.3-1.2 MHz, and with a radiating diameter area of 20 mm (Gómez Álvarez-Arenas 2003 , 2004 . These transducers are positioned facing each other at a distance of 2 cm. A high-voltage (100-400 V) square semi cycle (duration of 0.67 µs) is applied with a Panametrics 5077 pulserreceiver (Olympus, Center Valley, PA, USA) to the transmitter transducer which converts this electrical signal into an ultrasonic pulse and launches it into the air. The receiver transducer collects this signal and converts it into an electrical one, then it is amplified (up to 59 dB) and filtered (low-pass filter at 10 MHz).
Eventually, an oscilloscope (Tektronix 5052 TDS, Tektronix Inc., Beaverton, OR, USA) digitizes it, averaging a number of waveforms to reduce the high-frequency noise (typically up to 100 waveforms), performing the fast Fourier transform and transferring the data to a computer for storage. The experimental procedure for the ultrasonic technique is as follows. First, the transmission from a transmitter is directly measured into the receiver, providing a calibration of the system. Then, a leaf is held for a few seconds between the transducers at normal incidence. When the ultrasonic pulses impact normally on the leaf surface, a part of the energy is transmitted through the leaf reaching the back surface. Then, a part of the energy is transmitted through the interface (air) and received at the receiver transducer. The parameter directly measured from the ultrasound spectroscopy technique was the magnitude of the transmission coefficient in the frequency domain (Sancho-Knapik et al. 2010). Then, in real time, the values of the resonant frequency (f) of the leaf were calculated following the procedure described in Sancho-Knapik et al. (2012b) , being related to RWC afterward. Each single value of f was divided by the maximum value obtained at RWC = 1.00 (f o ) for each leaf, calculating, in this way, the standardized frequency (f/f o ) associated with the maximum transmittance at the peak curve (SanchoKnapik et al. 2011a) . The relationship between RWC and f/f o was adjusted to a four-parameter logistic curve (f = a + (b − a)/ (1 + (RWC/c) d )) for each leaf studied (Sancho-Knapik et al. 2010 , 2011a . This function was selected because the inflexion point (coefficient c) is objectively inferred from the equation and because it describes the evolution between two 'equilibrium states', before and after the TLP. (Sancho-Knapik et al. 2010 , 2011a . Furthermore, for all species, the mean values of RWC TLP obtained with p-v curves were plotted against the mean values obtained through ultrasounds. This relation was adjusted to a linear regression and compared through an analysis of variance against a y = x regression. All statistical analyses were performed with the program SAS version 8.0 (SAS, Cary, NC, USA).
Statistical analysis
Results
The values of TLP in terms of RWC (RWC TLP p-v (Figure 1) , its linear regression (R 2 = 0.99) was not statistically different (α = 0.01) from the linear function y = x, indicating that the slope was not statistically significantly different from 1 and the intercepts were not statistically different from zero at the 99% confidence level.
The relationship between mean values of RWC and f/f o obtained through the ultrasonic technique is shown in Figure 2 for four species (E. pungens, Juglans regia L., Pyrus communis L., U. pumila). For comparison, the relationship between mean values of RWC and 1/Ψ has been added in each graph. It is observed in all cases that the point where the non-linear part of the RWC-1/Ψ relationship switches to a straight line (marked in Figure 2 with a shadow rectangle) matches in terms of RWC with the inflexion point of the sigmoidal curve of the RWC-f/f o relation. This can be observed both in the species with the lower TLP (U. pumila) as well as in those having a higher TLP (E. pungens).
Discussion
The various techniques which were used to measure water status in plant science and their suitability for different purposes have been widely reviewed during the last decade (Jones 2007) . New tools and techniques have been gradually Ultrasonic determination of the turgor loss point 697 introduced to achieve better estimations of plant water status (Geitmann 2006 , Grant et al. 2006 , Sepulcre-Canto et al. 2007 , Peguero-Pina et al. 2008 , Zimmermann et al. 2008 , Sancho-Knapik et al. 2010 , 2011b , Bartlett et al. 2012a . As a consequence, the contribution of new measuring procedures may help us improve our understanding of plant water relations.
As a new technique, air-coupled broadband ultrasonic spectroscopy has been reported to be useful for the estimation of the RWC at the TLP in some previous studies (Sancho-Knapik et al. 2010 , 2011a . However, a maximum of only two species per study were utilized, pointing to the necessity of incorporating results from a wider range of plant species (Sancho-Knapik et al. 2010) . In the present study, the ultrasonic technique has been demonstrated to be an objective method for the determination of the TLP in 13 different species (Table 1) . It is interesting to note that the species analyzed comprised a wide range of RWC TLP : from 0.771 to 0.909. For all species, there were no statistically significant differences between the values of RWC TLP derived from the analysis of p-v isotherms and those obtained as the inflexion point of the relationships between RWC and f/f o . Therefore, we are able to affirm that the TLP in terms of RWC can be accurately estimated through the calculation of the inflexion point of the RWC-f/f o relationship.
The main advantages of this procedure, as compared with the classical analysis of the p-v isotherms Hammel 1972, Corcuera et al. 2002) , are the reduced time consumption and objectivity. With the ultrasound technique, the leaf is held between the transducers and the measurement takes not more than few seconds. Using a pressure chamber implies the handling of the chamber and repeated pressurizations and slow releases of pressure, each of which can take several minutes at lower water potentials (Turner, 1988) . On the other hand, RWC TLP is objectively obtained with the ultrasonic technique, whereas the determination of RWC TLP from p-v curves 698 Sancho-Knapik et al. relies on the subjective determination of where the curve switches from a non-linear to a linear phase (Schulte and Hinckley 1985) . More advantages of the ultrasound technique include its non-invasiveness, the dependence of its accuracy only on the natural heterogeneity existing in a set of leaves and the possibility of calculating leaf thickness, leaf density and leaf elasticity (Gómez Álvarez-Arenas et al. 2009 , Sancho-Knapik et al. 2012b . Moreover, the frequency measured by the ultrasonic technique could also be well correlated to Ψ, which may allow the estimation of Ψ TLP (Sancho-Knapik et al. 2010 . However, in such cases and alike the p-v curves, the ultrasound technique would present the disadvantage of being highly time-consuming. To solve this problem, Ψ TLP could be inferred from a few points beyond TLP of the RWC-osmotic potential (π) relationship, which is the straight portion of the RWC-1/Ψ relationship in the p-v curve. These points may be obtained during the ultrasonic measurement process or in another similar set of leaves.
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